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ABSTRACT: Pyrroloquinoline quinone (PQQ ) is a small, re-
dox active molecule that serves as a cofactor for several bacterial
dehydrogenases, introducing pathways for carbon utilization
that confer a growth advantage. Early studies had implicated
a ribosomally translated peptide as the substrate for PQQ_pro-
duction. This study presents a sequence- and structure-based
analysis of the components of the pgq operon. We find the
necessary components for PQQ production are present in 126
prokaryotes, most of which are Gram-negative and a number
of which are pathogens. A total of five gene products, PqqA,
PqqB, PqqC, PqqD, and PqqE, are identified as being obligatory
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for PQQ production. Three of the gene products in the pgqq operon, PqqB, PqqC, and PqqE, are members of large protein
superfamilies. By combining evolutionary conservation patterns with information from three-dimensional structures, we are able
to differentiate the gene products involved in PQQ biosynthesis from those with divergent functions. The observed persistence
of a conserved gene order within analyzed operons strongly suggests a role for protein—protein interactions in the course of
cofactor biosynthesis. These studies propose previously unidentified roles for several of the gene products, as well as identifying

possible new targets for antibiotic design and application.

yrroloquinoline quinone (PQQ) is a low-molecular weight,
redox active cofactor utilized by a number of prokaryotic
dehydrogenases."” Although the cofactor is not required for
bacterial survival, the presence of this molecule has been shown
to enhance the rate of cell growth.> Some prokaryotic organisms
are capable of synthesizing the redox active molecule, while other
species rely on the environment for their supply. The bio-
synthesis of PQQ_is accomplished by the gene products of a
specific pqq operon. In Klebsiella pneumoniae, an organism with
the experimentally demonstrated ability to produce PQQ,, the
pqq operon comprises six genes, pqqgA—F" (the expressed genes
from K. pneumoniae and four other demonstrated PQQ_producers
are summarized in Figure 1 and Table S1 of the Supporting
Information). Genetic knockout studies show four of the six gene
products (PqgA, PqqC, PqqD, and PqqE) are absolutely re-
quired for this pathway, while the role of PqqB is ambiguous.®
The successful in vitro characterization of two gene prod-
ucts, PqqC and PqqE, has demonstrated, first, that PqqC is a
cofactorless, oxygen-activating enzyme catalyzing the final step
in PQQ biosynthesis® and, second, that PqqE is a functional
radical SAM enzyme capable of catalytic reductive cleavage of
SAM to methionine and 5'-deoxyadenosine.” The putative sub-
strate for PqqE is PqqA, a 22-amino acid peptide containing a
conserved glutamate and tyrosine that provide the complement
of carbon and nitrogen atoms required for PQQ_synthesis
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PqqB —{ Lactamase_B superfamily '—
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Figure 1. Domains in each K. pneumoniae Pqq protein. All domain
information is from the Pfam database, except for that for the
Lactamase_B superfamily domain in PqqB, which comes from the
Conserved Domain Database of the National Center for Biotechnol-
ogy Information.

(Scheme 1);® however, the ability of or conditions required for
PqqE to functionalize PqqA have not yet been identified. The
roles for PqqB, PqqD, and PqqF in PQQ production are even
less clear. PqqD has recently been shown to interact physically
with PqqE,” though the catalytic relevance of this interaction
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Scheme 1. Proposed Cross-Linking of Tyrosine and
Glutamate To Form PQQ

PqgA: WKKPAFIDLRLGLEVTLY ISR

2! CO,H \ Ry o]
9' —t—
\ HN

COZH 2
3 R
8
LR
R, 7
NH HOC (o}
Ta HO
o Ry o

has yet to be determined. Genetic knockout studies of PqqF, a
protein with homology to zinc-dependent proteases, suggest it
is not essential for PQQ_production, with the implication that
other cell-associated, nonspecific proteases can assume its role
during cofactor biogenesis.” One of the most enigmatic gene
products is PqqB with a high degree of sequence similarity to
the family of metallo-#-lactamases.

It was determined in 1988 that PQQ is derived from a
ribosomally translated peptide.'® Since that time, several other
biologically active molecules produced from amino acid pre-
cursors have been discovered."' ™" Analysis of these biosynthetic
pathways reveals several common gene products, including
radical SAM enzymes (e.g, PqqE), metallo-f-lactamases (e.g.,
PqqgB), small, cofactorless proteins (e.g, PqqD), and cofactorless
oxygenases (e.g., PqqC), in addition to the expected peptidases
(e.g, PqqF)."*"* The common protein families and underlying
structure of biosynthetic pathways suggest that elucidating the
evolution of PQQ biosynthesis may be useful for the discovery of
other natural products and the characterization of the pathways
required for their biosynthesis. In particular, bioinformatic anal-
ysis of the growing number of genomic sequences for prokaryotic
organisms has revealed orphan pathways with unknown products
of potential therapeutic application.'"'® Indeed, gene products
from the pqq operon are already being used as guides for identifying
such pathways."” Determining the evolution of each gene in the
PQQ biosynthetic pathway may also contribute to understanding
the ubiquitous use of certain protein families in the modification of
peptides to form biologically active natural products.

This paper presents a bioinformatics analysis of the genes
involved in PQQ biosynthesis to identify the essential, bio-
synthetic pqq genes and the species that contain the full com-
plement of these genes (and, thus, are inferred to synthesize
PQQ). Structural phylogenomic analyses were used to identify
the sequence motifs and structural features that distinguish each

biosynthetic protein from functionally divergent homologues."®
These studies serve as a guide for predicting putative roles for
the open reading frames within the pqq operon and probing the
contribution of conserved amino acid side chains within the
gene products with demonstrated function.

B METHODS

Data Set. Five bacteria with demonstrated PQQ_bio-
synthetic capacity were selected for this study: K. pneumoniae,
Methylobacterium extorquens AM1, Gluconobacter oxidans 621H,
Rahnella aquatilis, and Streptomyces rochei.'”~>* Each of the genes
in the pgq operons in these five bacteria (shown in Table 1) was
used as a starting point for bioinformatics analyses. pggA—E are
found in all five bacteria, while the sixth pgq gene, pqqF, is found
in only two of the five species (K. pneumoniae and R. aquatilis).
M. extorquens has a fused pqgqC/D gene and also an extra gene,
pq9G (not included in this study).

Bioinformatics Analyses. Bioinformatics analyses were
performed to characterize the taxonomic distribution of homo-
logues, to identify corresponding PFAM domains,** and to
differentiate homologues sharing the same function from those
that have divergent function. Core genes were identified from
these combined analyses and used to identify species with prob-
able PQQ biosynthetic capability.

For each of the genes in the PQQ operon for these five species,
we performed the following analyses: (i) homologue identification,
(ii) multiple sequence alignment, (iii) phylogenetic tree con-
struction and analysis, (iv) protein structure prediction, and (v)
functional site identification (see Scheme 2).

Scheme 2. Bioinformatics Analysis Used in This Study”
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“Abbreviations: PqqX, a representative of Pqq proteins; MSA, multiple
sequence alignment.

Table 1. Reference Sequences of PqqA—F from Five Known PQQ-Forming Organisms®

K. pneumoniae (X58778) M. extorquens (NC_012808)

G. oxidans (CP000009)

S. rochei (AB088224) R. aquatilis (FJ868974)

PqgA  P27503 (PQQA_KLEPN) Q49148 (PQQA_METEA) Q9L3B4 Q83X96 (Q83X96_STRRO) C3VIT4
(PQQA_GLUOX) (C3VIT4 _RAHAQ)
PqgB  BSXX61 (PQQB_KLEP3) Q49149 (PQQB_METEA) QIL3B3 (PQQB_GLUOX) Q83XA0 C3VITS
(Q83XA0_STRRO) (C3VIT5_RAHAQ)
PqqC  BSXX60 Q49150 (PQQCD_METEA) QYL3B2 Q83X97 (Q83X97_STRRO) C3VIT6
(PQQC_KLEP3) (PQQC_GLUOX) (C3VIT6_RAHAQ)
PqgD  BSXXS9 Q49150 (PQQCD_METEA) Q9L3B1 Q83X98 (Q83X98 _STRRO) 033505 (PQQD_RAHAQ)
(PQQD_KLEP3) (PQQD_GLUOX)
PqgE  BSXXS8 (PQQE_KLEP3) P71517 (PQQE_METEA) Q9L3B0 (PQQE_GLUOX) P59749 (PQQE_STRRO) 033506 (PQQE_RAHAQ)
PqgF  P27508 (PQQF_KLEPN) CSAQL6 absent absent C3VIT9

(CSAQL6_METEA)

(C3VIT9_RAHAQ)

“The UniProt accession number for each protein is listed. In parentheses are UniProt identifiers.
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Homologues were retrieved from the UniProt protein data-
base (release 2010_11) using the FlowerPower phylogenomic
clustering software to select proteins sharing the same domain
architecture.” Multlple sequence alignments (MSAs) were con-
structed using MAFFT,” followed by masking to remove columns
with >70% gap characters. Maximum 11ke11hood trees were
estimated from the masked MSAs using RAXML.>’

A determined three-dimensional structure was available for
PqqC from K. pneumom’ae,6 protein structures were predicted
for PqqB and quD from K. pneumoniae using a comparative
modeling approach®®*® with determined three-dimensional
structures from other organisms as templates (PqqB from
Pseudomonas putida and PqqD from Xanthomonas campestris™°).
In the case of PqqE, where no structures are yet available, the
closest homologue with a determined structure {MoaA from
Staphylococcus aureus [Protein Data Bank (PDB) entry 1TV8]}
was used to build a comparative model. The Phyre and Phyre2
servers® were used to construct comparative models for PqqB
and PqqE; Modeler®® was used to predict the structure of PqqD.

Residues that were likely to be functionally important were
identified via a combination of evolutionary conservation and
structural information using the INTREPID and Discern
algorithms.*”** INTREPID uses conservation signals over di-
vergently related homologues organized by a phylogenetic tree
to predict functional sites, while Discern uses INTREPID
scores as well as information from protein three-dimensional
structures. The multiple sequence alignments and phylogenetic
trees were used as input to INTREPID, and the INTREPID
scores and comparative models or determined structures were
used as input to Discern. The Discern results are reported for
PqqB—D. As the C-terminal portion of the PqqE model is not
reliable, INTREPID results were reported for PqqE. These
analyses identified a set of amino acids for each protein that are
likely to be functionally important.

Most of the genes in the pgq operon are members of gene
superfamilies, including paralogs that may have diverged func-
tionally. To identify protein residues that are diagnostic of par-
ticipation in PQQ biosynthesis, we performed identical analyses
on representative sequences with divergent function from the
most closely related sister clade in the reconstructed phy-
logenies for PqqB (Figure S1 of the Supporting Information),
PqqC (Figure S2 of the Supporting Information), PqqD
(Figure S3 of the Supporting Information), and PqqE (Figure
S4 of the Supporting Information). Residues highly ranked
by either INTREPID or Discern for the biosynthetic proteins
were mapped onto structures and comparative models for
K. pneumoniae, and the corresponding residues in the functionally
divergent homologues were plotted on structures or models for
these proteins.

Additional Details about Bioinformatics Methods.
HMM global homology clustering of homologues used
FlowerPower default parameters, the number of subfamily
HMM scoring iterations (set to 10). MAFFT MSA
construction parameters were as follows: maximum of five
iterations and default parameters. RAXML parameters were as
follows: JTT+I" model and 20 discrete y-rate categories. The
statistical support of branches was estimated using 100
bootstrap replicates. Because of the short length of the pgqA
gene, standard genome annotation pipelines frequently missed
pqqA (ie, these were false negatives in gene prediction
pipelines). We supplemented our standard homology detection
pipeline for PqgA usmg translated BLAST against whole
genomes for these cases.”
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B RESULTS AND DISCUSSION

Species with PQQ Biosynthetic Capability. On the basis
of genetic knockout studies, PqqC, PqqD, and PqqE were
initially considered to be the most promising core set of pro-
teins required for inferring PQQ biosynthetic capability.”® The
number of species containing different subsets of the core pro-
teins is detailed in Figure 2. This analysis returned 126 species

PqqC

PqqE

PqqD

Figure 2. Venn diagram of core PQQ biosynthesis proteins (PqqC—E).
Each circle represents the number of species containing the cor-
responding gene. PqqC homologues were found in 213 species. PqqD
homologues were found in 316 species. PqqE homologues were found
in 331 species. All three genes were found in 126 species.

that include PqqC—E, of which 125 also contain PqqB (Table
S2 of the Supporting Information), strongly implicating PqqB
as being essential for PQQ_biosynthesis. Because of the short
length of PqqA (fewer than 30 amino acids), standard genome
annotation pipelines failed to detect an ORF for pgqA in many
cases. The standard HMM-based pipeline (in which we searched
for proteins deposited in the UniProt database for other biosyn-
thetic proteins) was supplemented with translated BLAST against
whole genomes for these cases. Specifically, translated BLAST
was used with each of the PqqA peptides from our five seed
organisms against whole genomes in which PqgB—E proteins
had been detected. This identified an additional 37 pqqA genes
that had been missed by the genome annotation pipelines for
those species (Table S3 of the Supporting Information). To
summarize, of the 126 species for which our analyses support
PQQ biosynthetic capability, a total of 107 contain an
identifiable PqqA (Table S2 of the Supporting Information);
of these 126 species, 95 have whole genomes, of which 98%
(93) contain PqqA (based on either the HMM methods or
translated BLAST as described in Methods). This result
strongly supports the hypothesis that PQQ biosynthetic
capability requires PqqA—E and that PqqA is the substrate
for the biosynthetic pathway.

This analysis shows that while some individual PQQ_bio-
synthetic proteins have distant homologues outside prokar-
yotes, the pathway is clearly specific to prokaryotes. The vast
majority (approximately 88%) of the species predicted to be
PQQ-forming are proteobacteria, with the a-, -, and y-classes
of this phylum well represented (Figure 3 and Table S2 of the
Supporting Information). Altogether, only six Gram-positive
bacteria were found to be PQQ-forming, showing that PQQ_
production is more prevalent in Gram-negative than Gram-
positive organisms. These results are consistent with the fact that
either the enzymes or catalytic domains of enzymes requiring

dx.doi.org/10.1021/bi201763d | Biochemistry 2012, 51, 2265—2275
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9Streptz:vmyces bingchenggensis ABCDEF
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Rhodobacter sphaeroides ABCDEF
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gethylocella silvestris ABCDEF
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Figure 3. Distribution of PQQ-synthesis proteins mapped to a
phylogenetic tree based on 16s rRNA. The letters following species
names indicate Pqq proteins. A—F represent PqgA—PqqF, respec-
tively. Tree nodes were collapsed if all the species have the same set of
Pqq proteins (PqqA was labeled with A if it was found in at least one
species in the collapsed nodes).

PQQ as a cofactor have, to date, been described in the context of
a localization in the periplasm of Gram-negative bacteria."** Two
species of Verrumicrobia, a recently discovered phylum that is a
sister to Chylamidae, were also found to contain the homologues
of PqgB—E.
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While a role for bacterlally derlved PQQ in mammalian
homeostasis has been proposed,®® the exclusive mapping of the
PQQ-generating enzymes to bacteria, together with the growth
advantage conferred to selected prokaryotes by PQQ-depen-
dent metabolism, makes the PQQ_biosynthetic pathway an
enticing target for the design of inhibitors for use in antibiotic
cocktails. A number of the PQQ-forming species identified in
this study can operate as opportunistic pathogens (Table 2),
suggesting that inhibitors of the pathway may be especially
well suited to a cocktail of antibiotics administered to immune-
suppressed patients.

Organization and Evolution of the PQQ Operon. Of
the 126 species identified here as synthesizing PQQ, 96 have
gene order information, either based on whole genomes or
because of the availability of contigs including all pqq genes. Of
these 96, all of which contain pggA—E, 93 have no large inser-
tions within the operon. Among these 93, 91 have the con-
served gene order pqqA-B-C-D-E. In total, 96% of whole genomes
having pqq operons have a conserved order of the core genes with
no large insertions.

In only 17 species is pqqF clustered with pgqB—E, either in
the order pqqB-C-D-E-F or in the order pqqF-A-B-C-D-E. In
all other cases (27 species), pqqF is remote from the pggA—E
cluster, separated by genes unrelated to the pathway. The
distance from pqqF to other pqq genes suggests that pqqF is out
of the evolutionary and regulatory constraints exerted on other
pqq genes. This finding also agrees with the hypothesis that the
function of PqqF may be replaced by other peptidases.

The specific ordering of pqqA—E in the operon suggests that
these gene products may form a catalytically relevant complex.
Conservation of gene order within an operon is not char-
acteristic of prokaryotic organisms,””** and when gene order is
conserved in an operon, the corresgondmg gene products have
been shown to physically interact. Protein—protein interac-
tions are common in metabolic pathways, and these interac-
tions can serve to increase the efficiency of the overall process
by positioning consecutively acting enzymes in the proximity
of one another and by protecting sensitive intermediates from
degradation via direct channeling between these enzymes. In
the PQQ_biosynthetic pathway, protecting PqqA during the
biosynthetic process would shield the peptide from proteolytic
degradation before completion of the necessary modifications.
The absence or remoteness of pgqF from the operon suggests
that this gene product is not involved in protein—protein inter-
actions with other members of the pathway.

The proposed interaction of pqq gene products is further
supported by the fusion of pgqC and pqgD in four Methylobacterium
species: M. radiotolerans, M. populi, M. extorquens, and Methyl-
obacterium chloromethanicum. In addition, we have found a potential
fusion of pqqD and pqqE in Methylosinus trichosporium. The
sequence is annotated as PqqE (UniProt entry DSQP91), but
it clearly possesses a PqqD domain.

The phylogenetic profile of each pqq gene was mapped to the
16s rRNA tree of PQQ-forming species identified in this study
as inferring the evolution of the PQQ biosynthetic pathway
(Figure 3). As suggested by the gene locus study, PqqB—E
appear to have evolved together in the pathway. PqqF appears
to have been lost several times (e.g, in Acetobacteraceae,
Burkholderia, and Acinetobacter), and presumably, its function
has been replaced by other peptidases in these species. Despite
the limitations of bioinformatics methods in gene identification
and in the reliable identification of short peptides (see above),
PqqA was identified in most species (Figure 3).

dx.doi.org/10.1021/bi201763d | Biochemistry 2012, 51, 2265—2275
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Table 2. Potential Pathogens or Symbionts Containing PqqB—E, Ordered by Species Name“

set of Pqq
species pathogenicity genes
Acinetobacter baumannii ATCC 19606 opportunistic ABCDE
human pathogen
Acinetobacter hemolyticus ATCC 19194 rare human BCDE
pathogen
Azoarcus sp. (strain BH72) plant symbiont ABCDEF
Bradyrhizobium japonicum plant symbiont ABCDEF
Bradyrhizobium sp. (strain BTAi1/ATCC BAA-  plant symbiont ABCDEF
1182)
Burkholderia cenocepacia (strain HI2424) human cystic ABCDE
fibrosis pathogen
Burkholderia cepacia (strain J2315/LMG 16656) animal and plant ~ ABCDE
pathogen
Burkholderia glumae (strain BGRI) plant pathogen ABCDE
Burkholderia multivorans (strain ATCC 17616/  animal pathogen in ABCDE
249) mammals
Burkholderia phymatum (strain DSM 17167/ plant symbiont ABCDE
STMS15)
Colwellia psychrerythraea (strain 34H/ATCC plant pathogen ABCDE
BAA-681)
Cronobacter turicensis (strain DSM 18703/LMG  neonatal pathogen ABCDEF
23827/23032)
Cupriavidus taiwanensis (strain R1/LMG 19424) plant pathogen ABCDE
Dinoroseobacter shibae (strain DFL 12) animal symbiont ABCDEF
Enterobacter intermedius opportunistic ABCDEF
pathogen
Enterobacter sakazakii (strain ATCC BAA-894)  neonatal pathogen ABCDEF
Erwinia amylovora (strain ATCC 49946/CCPPB  plant pathogen ABCDEF
0273/Ea273/27-3)
Erwinia pyrifoliae plant pathogen ABCDEF
Erwinia tasmaniensis (strain DSM 17950/Et1/99) plant commensal ABCDEF
Gluconacetobacter diazotrophicus (strain ATCC  plant symbiont ABCDE
49037/DSM 5601/PAILS)
Granulibacter bethesdensis (strain ATCC BAA-  human pathogen ~ ABCDE
1260/CGDNIH1)
Grimontia hollisae CIP 101886 human pathogen BCDE
K. pneumoniae opportunistic ABCDEF
pathogen
Klebsiella sp. 1_1_55 opportunistic BCDEF

pathogen

set of Pgq
species pathogenicity genes
Marinobacter algicola DG893 plant symbiont ABCDE
Methylobacterium nodulans (strain ORS2060/ plant saprophyte ~~ ABCDEF
LMG 21967) and symbiont
Methylobacterium populi (strain ATCC BAA-70S/ plant endophyte ABCDEF
NCIMB 13946/BJ001)
Methylobacterium radiotolerans (strain ATCC plant symbiont ABCDEF
27329/DSM 1819/JCM 2831)
Mpycobacterium smegmatis [strain ATCC 700084/ commensal in ABCDE
mc(2)155] mammals
Pantoea ananatis plant pathogen ABCDEF
Pseudomonas aeruginosa opportunistic ABCDEF
human pathogen
Pseudomonas entomophila (strain 1L48) insect pathogen ABCDEF
Pseudomonas fluorescens potential pathogen ABCDEF
to birds
Pseudomonas mendocina (strain ymp) rare human ABCDEF
pathogen
Pseudomonas savastanoi pv savastanoi NCPPB tumor-inducing ABCDEF
3335 pathogen
Pseudomonas syringae pv phaseolicola (strain plant symbiont ABCDEF
1448A/Race 6)
R. aquatilis opportunistic ABCDEF
pathogen
Ralstonia pickettii (strain 12D) opportunistic ABCDEF
pathogen
Rhizobium meliloti plant symbiont ABCDE
Rhizobium sp. (strain NGR234) plant symbiont ABCDEF
Rickettsiella grylli arthropod BCDEF
pathogen
Serratia marcescens opportunistic ABCDE
human pathogen
Serratia odorifera 4Rx13 oppotunistic ABCDEF
pathogen
Verminephrobacter eiseniae (strain EF01-2) animal ABCDEF
endosymbiont
Xanthomonas axonopodis pv citri (citrus canker)  plant pathogen ABCDE
Xanthomonas campestris pv Campestris plant pathogen ABCDE
Xanthomonas oryzae pv Oryzae rice bacterial blight ABCDE

pathogen

“See Table S2 of the Supporting Information for a complete list of predicted PQQ_synthesis species.

Structure—Sequence Analyses of Core pgq Genes.
PqqB—E are each found in superfamilies whose functions may
have diverged from their common ancestor by gene duplication
events, allowing members of the family to acquire novel func-
tions or to partition the ancestral function (Figure 1 and Table
S1 of the Supporting Information). Evolutionary and structural
analyses were performed to identify residues that are likely to
be functionally important.

Structure—Sequence Analysis of PqqB. Initially, sequence
analysis of PqqB suggested that the enzyme was a member
of the metallo-B-lactamase superfamily.*’ The determined
three-dimensional structure of PqgB (PDB entries 1XTO and
3JXP) has since confirmed this. Analysis of the phylogenetic
tree of PqqB homologues shows that the closest function-
ally distinct homologue of PqqB is PhnP (Figure S1 of the
Supporting Information). PhnP is a phosphodiesterase with a
sequence 26% identical with that of PqqB.** The comparison of
PqqB to PhnP (Figure 4) shows the overall structural similarity
between PhnP and PqqB; however, the ligands for one of the
two metals observed to be bound in PhnP are not present in
PqqB. The predicted metal ligand residues that are retained in
PqqB (Asp92, His93, and His269 in PqgB from K. pneumoniae,
colored red in Figure 4A) are ranked 6, 1, and 3, respectively,
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by the Discern algorithm (Table $4 of the Supporting Information).
The active site metals bound by PhnP are both manganese;**
however, the metal ligands retained in PqqB represent a 2-His/
1-carboxylate facial triad configuration, characteristic of the
nonheme ferrous binding family. While future studies with
recombinant PqqB are necessary to demonstrate metal binding
and function, this arrangement of ligands suggests that PqqB
likely catalyzes oxidative chemistry via a conserved chemical mecha-
nism that involves the generation of an active site FeV=0""%
This chemistry has precedent among members of the metallo-3-
lactamase  superfamily.*® Additionally, in the three-dimensional
structure of PqgB (PDB entry 3JXP from P. putida), a zinc ion is
bound several angstroms from this putative active site near the
solvent interface by the CXCX,C motif (residues 19—24 in
PqgB from K. pneumoniae, colored blue in Figure 4). This metal
is conserved in both PqqB and PhnP. Studies of PhnP have
shown that this zinc is not necessary for catalysis, and the ion is
proposed to play a role in maintaining the structure of the
enzyme.*” The comparable location of this zinc ion in PqqB
suggests that it may also play a structural role. Lastly, it can
be noticed that a glycine-rich motif (GXXXGGGXPQWN,
residues 7—18 in PqgB from K. pneumonia), located between the
proposed structural zinc ion and the putative active site of PqqB
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Figure 4. Sructure—sequence analysis of PqqB. The spheres of Mn ions in the active site are colored purple, and the sphere of the zinc ion is colored
green. Residues involved in putative structural Zn ion binding are colored blue; Residues involved in Mn ions binding to the PhnP active site are
colored red if conserved in PqqB and purple if not. (A) Homology model of the structure of PqqB from K. pneumoniae, KP (UniProt entry BSXX61)
modeled onto the determined structure of PqgB from P. putida (66% identical). (B) Structure of the PhnP sequence from E. coli, EC (UniProt entry
P16692, PDB entry 3G1P). (C) Pairwise alignment of PqqgB and PhnP. The numbers above the columns indicate the ranking predicted by Discern
for the corresponding residue of PqqB (Table S4 of the Supporting Information).

and exposed to solvent is conserved in 80% of PqqB sequences
from the 126 proposed PQQ producers. In PhnP, this motif is
less conserved, indicating that it might impart a functional
specificity to PqqB. This motif has features (G repeats) com-
mon to nucleotide-binding pockets,*”** suggesting a possible
role for a nucleotide cofactor as an electron donor in a PqqB-
catalyzed activation of O,. This bioinformatics analysis indicates
that PqqB may be the missing hydroxylase, performing a role in
the oxidation of the tyrosine of PqqA prior to its cross-linking
with glutamate (Scheme 1).

Structure—Sequence Analysis of PqqC. The activity
of PqqC from K. pneumoniae has been determined.*** PqqC
catalyzes the last step of PQQ biosynthesis, oxidation of 3a-(2-
amino-2-carboxyethyl)-4,5-diox0-4,5,6,7,8,9-hexahydroquino-
line-7,9-dicarboxylic acid (AHQQ), which involves the transfer
of eight electrons and protons to molecular oxygen to form
hydrogen peroxide/water. The closest functionally distinct homo-
logue of PqqC identified in the phylogenetic tree is TenA (Figure
S2 of the Supporting Information). TenA is a thiaminase II that
catalyzes the hydrolysis of 4-amino-5-aminomethyl-2-methylpyr-
imidine as part of a pathway for salvaging base-degraded thiamin.*’
Although both proteins contain buried active sites, the reaction
catalyzed by PqqC is very different from that catalyzed by TenA.
The comparison of the structures of PqqC and TenA (Figure S)
shows their overall structural similarity, but the active site of PqqC
is distinct from that of TenA. Discern analysis of PqqC revealed a
cluster of residues in and around the active site (Table SS of the
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Supporting Information). In the top 20 ranked residues, four
are outside the active site and could play a role in opening the
active site to the substrate (colored blue in Figure S), with the
16 remaining residues located in the active site. Only one of
these residues is conserved in TenA at the corresponding posi-
tion (according to the structural alignment constructed by VAST,
colored red in Figure S). The residues of potential catalytic impor-
tance in PqqC (Tyr23, His24, ArgS0, GInS4, Arg80, His84,
Tyr128, Glul47, His154, ArglS7, Tyrl75, Argl79, and Lys214,
colored green in Figure S) that are not conserved in TenA
likely contribute to the specificity of PqqC activity. This sug-
gests that each enzyme in the family has evolved a distinct
function highly specific to the pathway in which it is active, as
evidenced by the differing active site side chains of PqqC and
TenA. Residues previously shown to be important in PqqC by
biochemical experiments were identified as the most likely
important functional residues in our study. His84 is proposed
to be a proton donor and is ranked 4th by Discern;”' His154,
Tyrl75, and Argl79 are proposed to form a core oxygen-
binding pocket essential for oxygen activation®” and are ranked
10th, 7th, and 26th, respectively, by Discern (labeled with
asterisks in Figure $).

Structure—Sequence Analysis of PqqD. PqqD is a small
protein (90 amino acids on average) with no detectable
cofactor. In this study, the Discern algorithm was used with the
PqgD sequence from K. pneumoniae and a constructed homo-
logy model for K. pneumoniae (using PDB entry 3G2B from
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Figure S. Structure—sequence analysis of PqqC. (A) Structure of PqqC (BSXX60 from K. pneumoniae, KP, PDB entry 10TW). The top-ranked
residues predicted by Discern are labeled. Residues outside the active site are labeled in blue; the residue in the active site is labeled in red if
conserved in TenA and in green if not. The residues characteristic of biochemical experiments are marked with asterisks. (B) Structure of TenA from
B. subtilis, BS (P25052, PDB entry lyaf). Predicted functional residues are colored pink. (C) Pairwise structural alignment of PqqC and TenA
(created with VAST®®). The numbers above the columns indicate the ranking of catalytic residues in PqqC predicted by Discern (Table S5 of the

Supporting Information).

X. campestris as a template with a sequence that is 29%
identical). In the case of PqqD, the global homology clustering
criterion used to gather homologues resulted in no functionally
divergent homologues being included in the tree (Figure S3 of
the Supporting Information). Thus, in this case, residues
conferring functional specificity relative to functionally
divergent homologues could not be identified. However,
Discern identifies a set of positions that are clearly involved
in function. The finding that conserved residues are largely
constrained to an exposed, unstructured region of PqqD
(Figure 6 and Table S6 of the Supporting Information)
suggests that the previously observed interaction of this protein
with PqqE may necessitate significant restructuring of PqqD.’

Structure—Sequence Analysis of PqqE. The closest
functionally divergent homologue of PqqE is Nir] (Figure S4 of
the Supporting Information), sharing 26% sequence identity
(using Nir] from Sulfurovum sp., UniProt entry A6X6Z2). Nit]
catalyzes a key step in the biosynthesis of heme d1. PqqE and
NirJ both have been experimentally verified to be members
of the radical SAM superfamily,***> catalytically cleaving the
universal cosubstrate of this superfamily, S-adenosylmethionine,
to form a highly oxidizing radical used for hydrogen abstraction
on the remaining substrate.” Members of the radical SAM
superfamily coordinate a [4Fe-4S] cluster using the CX;CX,C
motif; the three cysteine ligands for this SAM-binding cluster
were ranked within the top three evolutionarily conserved
residues by INTREPID (Cys22, Cys26, and Cys29 in PqqE
from K. pneumoniae) (Table S7 of the Supporting Information).
The GGE motif (residues 66—68 in PqqE from K. pneumoniae,
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ranked 10th, 7th, and 11th, respectively, by INTREPID) that is
characteristic of radical SAM enzymes and serves to stabilize
SAM in the active site is found in both enzymes as well (Table S7
of the Supporting Information).***”

In contrast to PqqB and PqqC, little experimental evidence is
available for close homologues of PqqE. A low level of sequence
identity among homologues is, indeed, a common feature of
the radical SAM superfamily, though nearly all of its members
adopt a half to full TIM barrel fold. The structure of radical
SAM enzymes can be described as two distinct regions, each
catalyzing a specific half-reaction.*® The N-terminal region of
superfamily members constitutes a highly conserved radical
SAM core in which S-adenosylmethionine is catalytically cleaved,
and this region spans approximately 200 amino acids (residues
16—174 in PqqE), Figure SS. The second region (located at the
C-terminus) is the location of the specific half-reaction
catalyzed by each enzyme of the superfamily and, consequently,
is highly variable in both length and sequence identity. This
variability gives rise to the low level of overall sequence identity
observed for the radical SAM superfamily.*®*”

Homology between the C-terminal regions of PqqE (residues
206—380 from K. pneumoniae, UniProt entry BSXXS8) and Nir]
is supported by a 35% sequence identity (BLAST E value of 5 X
107°) upon comparison of PqqE to a Nir] from Methanosarcina
acetivorans (residues 249—346 from UniProt entry Q8TT64);>*
the annotation of Nit] from M. acetivorans was verified by locat-
ing the ORF for this gene product within the operon encoding
heme d1 biosynthesis in this organism. This homology between
the C-termini of PqqE and NirJ allows inferences about the
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Figure 6. Structure—sequence analysis of PqqD. (A) Homology model of PqqD from K. pneumoniae (UniProt entry BSXXS59) modeled onto the
three-dimensional structure of PqgD from X. campestris (PDB entry 3G2B). Residues ranked within the top 10 by Discern are colored red (Table S6
of the Supporting Information). (B) MSA of the five PqqD seed sequences constructed using MAFFT and displayed using Belvu. Residues ranked
within the top 10 by Discern are colored red. Abbreviations: KP, K. pneumoniae; ME, M. extorquens AM1; GO, G. oxidans 621H; RA, R. aquatilis; SR,
S. rochei (Table S6 of the Supporting Information).
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Figure 7. Structure—sequence analysis of PqqE. (A) Homology models of PqqE from K. pneumoniae, KP (UniProt entry BSXXS8). (B)
Homology models of Nir] from Sulfurovum sp, SS (UniProt entry A6X6Z2) based on the three-dimensional structure of MoaA (PDB entry
1TV8). (C) MSA of PqqE (UniProt entry BSXXS8) and NirJ (UniProt entry A6X6Z2). The INTREPID ranking of important functional
residues is indicated by numbers above the alignment (Table S7 of the Supporting Information). Colors in panels A—C correspond to the
following groups: blue for iron—sulfur cluster ligands, red for residues located within the vicinity of the SAM-binding [4Fe-4S] cluster, green
for residues highly conserved in PqqE that are not present in NirJ, pink for regions in which the homology is less reliable and structural
information is more speculative.
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function of key amino acid residues in this region of the protein
to be made. Both PqqE and Nir] have been experimentally deter-
mined to bind an additional [4Fe-4S] cluster, likely located outside
of the N-terminal radical SAM core. Three C-terminal cysteine
residues were ranked in the top 25 by INTREPID (Cys306,
Cys309, and Cys337 in PqqE from K. pneumoniae) for both
PqqE and NirJ, and analysis of the MSA of PqqE and Nir]
proteins indicates that these residues are the only C-terminal
cysteines conserved for both proteins (Figure 7C). These
residues form a CX,CX,,C motif; this analysis suggests that this
motif serves to coordinate the non-SAM binding [4Fe-4S]
cluster.

A comparative (homology) structural model for PqqE was
constructed to identify the relative location of the two [4Fe-4S]
clusters. The three-dimensional structure most evolutionarily
similar to PqqE is of MoaA from S. aureus with a BLAST E
value of 1 X 107 and 23% identity and 41% positives (identical
and similar amino acids) for PqqE residues 1—206. The PHYRE2
server produced a comparative model for the entire three-
dimensional structure of PqgE, extending beyond the con-
served N-terminus into the highly variable C-terminus. Figure 7A
presents the PqqE structural model, differentiating between the
region anticipated to be accurately modeled (the first 206 amino
acids, colored gray) and the variable C-terminal region (colored
purple). A comparative model is also provided for NitJ in Figure 7B.
On the basis of these structural models, the second [4Fe-4S]
cluster is located opposite the N-terminal SAM-binding [4Fe-4S]
cluster, across the putative hydrophobic active site channel. Also
highlighted by INTREPID and the MSA of PqqE proteins were
Cys319 and Cys321 that are not present in Nir]. These residues
are located proximal to the CX,CX,,C motif at the C-terminus of
PqqE and so might be involved in a function specific to the role
of PqqE in the biosynthetic pathway. Possible roles for these
two residues will depend on whether these residues face the
active site or solvent interface. In the former case, they may
act to stabilize the peptide substrate in the active site; in the
latter case, they may play a role in the protein—protein interac-
tions demonstrated with PqgD.’

B CONCLUSION

This work presents the use of a novel bioinformatics protocol
for identifying species encoding a natural product biosynthetic
pathway. The most conserved proteins previously shown as
being essential to PQQ production (PqqC—E) were used to
identify 126 bacterial species with PQQ biosynthetic capability.
Genomes encoding these three proteins were further examined
to determine the presence or absence of additional pqq genes.
These analyses revealed the conservation of pgqA and pqqB,
substantiating a previously unclear essential role for PqqB. The
OREF for pqqF appears to be frequently lost and is assumed to
be nonessential to this pathway, allowing substitution with
other proteases. These results further reveal a highly conserved
pqqA—E gene order within the operon, which, along with recent
evidence of a PqqD—PqqgE interaction strongly suggests a role
for macromolecular complex formation in function. A detailed
sequence—structure analysis was employed to distinguish ho-
mologues that share a common multidomain architecture from
those that have only partial homology and to identify sequence
motifs that are diagnostic of each of the separate biosynthetic
proteins. From such a phylogenetic—structure—sequence anal-
ysis, it is seen that PqqB contains a 2-His, 1-Asp active site con-
figuration characteristic of nonheme iron oxygenases. These
findings may aid in the tailoring of antibiotics specifically for
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the inhibition of PQQ biosynthesis, while improving our
understanding of related enzymes present in other pharma-
ceutically relevant biosynthetic pathways.
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© Supporting Information
Supplemental data mentioned in the text, together with
multiple sequence alignments selected from each core bio-
synthetic protein and its closest functionally distinct homologues
(Figures S6—S8). This material is available free of charge via the
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